Studies of the hepatitis C virus (HCV) life cycle have been aided by development of in vitro systems that enable replication of viral RNA and production of infectious virus. However, the functions of the individual proteins, especially those engaged in RNA replication, remain poorly understood. It is considered that NS4B, one of the replicase components, creates sites for genome synthesis, which appear as punctate foci at the endoplasmic reticulum (ER) membrane. In this study, a panel of mutations in NS4B was generated to gain deeper insight into its functions. Our analysis identified five mutants that were incapable of supporting RNA replication, three of which had defects in production of foci at the ER membrane. These mutants also influenced posttranslational modification and intracellular mobility of another replicase protein, NS5A, suggesting that such characteristics are linked to focus formation by NS4B. From previous studies, NS4B could not be trans-complemented in replication assays. Using the mutants that blocked RNA synthesis, defective NS4B expressed from two mutants could be rescued in trans-complementation replication assays by wild-type protein produced by a functional HCV replicon. Moreover, active replication could be reconstituted by combining replicons that were defective in NS4B and NS5A. The ability to restore replication from inactive replicons has implications for our understanding of the mechanisms that direct viral RNA synthesis. Finally, one of the NS4B mutations increased the yield of infectious virus by five-to sixfold. Hence, NS4B not only functions in RNA replication but also contributes to the processes engaged in virus assembly and release.
Recent estimates predict that the prevalence of hepatitis C virus (HCV) infection is approximately 2.2% worldwide, equivalent to about 130 million persons (22) . The virus typically establishes a chronic infection that frequently leads to serious liver disease (1) , and current models indicate that both morbidity and mortality as a consequence of HCV infection will continue to rise for about the next 20 years (10, 11, 29) .
HCV is the only assigned species of the Hepacivirus genus within the family Flaviviridae. The virus can be classified into six genetic groups or clades (numbered 1 to 6) and then further separated into subtypes (e.g., 1a, 1b, 2a, 2b, etc.) (53, 55) . HCV has a single-stranded, positive-sense RNA genome that is approximately 9.6 kb in length (reviewed in reference 46) . Genomic RNA carries a single open reading frame flanked by 5Ј and 3Ј nontranslated regions, which are important for both replication and translation (19, 20, 34, 47, 56) . Viral RNA is translated by the host ribosomal machinery, and the resultant polyprotein is co-and posttranslationally cleaved to generate the mature viral proteins. The structural proteins (core, E1, and E2) and a small hydrophobic polypeptide called p7 are produced by the cellular proteases signal peptidase and signal peptide peptidase (28, 45, 54) . Two virus-encoded proteases, the NS2-3 autoprotease and the NS3 serine protease (5, 13, 26) , are responsible for maturation of the nonstructural (NS) proteins (NS2, NS3, NS4A, NS4B, NS5A, and NS5B). With the exception of NS2, the NS proteins are necessary for genome replication (8, 40) and form replication complexes (RCs), which are located at the endoplasmic reticulum (ER) membrane (14, 24, 52, 57, 59) . The functions of all viral constituents of RCs have not been characterized in detail. It is known that NS5B is the RNA-dependent RNA polymerase (6) , while NS3 possesses helicase and nucleoside triphosphatase activities in addition to acting as a protease (32, 58) . However, the precise roles of the other proteins remain to be firmly established.
Expression of NS4B, one of the replicase proteins, generates rearrangements at the ER membrane that have been termed the "membranous web" (14, 24) and "membrane-associated foci" (MAFs) (25) . Detection of viral RNA at such foci suggests that NS4B is involved in creating the sites where genome synthesis occurs (18, 24, 59) . It is predicted that NS4B has an amphipathic ␣-helix within its N-terminal region, which is followed by four transmembrane domains (TMDs) in the central portion of the protein (17, 42) . As a result, the majority of NS4B is likely to be tightly anchored to membranes, and experimental evidence indicates that it has characteristics consistent with an integral membrane protein (27) . It is thought that after membrane association, NS4B rearranges membranes into a network, thereby generating foci which act as a "scaffold" to facilitate RNA replication. The mechanisms engaged in formation of foci are not known but include the notion that the NS4B N terminus can translocate into the ER lumen, resulting in rearrangement of cellular membranes (41, 42) . Alternatively, palmitoylation, a lipid modification, might facilitate polymerization of NS4B, in turn promoting formation of RCs on the ER membrane (68) .
Apart from inducing membranous changes required for replication, NS4B may perform other tasks in HCV RNA synthesis. For example, studies of cell culture adaptive mutations in subgenomic replicons (SGRs) have identified amino acid changes that can stimulate RNA production (39) , suggesting that NS4B may exert a regulatory role in determining replication efficiency. In support of a regulatory function, replacement of NS4B sequences in an SGR from strain H77 (a genotype 1a strain) with those from strain Con-1 (a genotype 1b strain) gave higher levels of replication than for a wild-type (wt) strain H77 SGR (7) . The corresponding replacement of strain Con-1 NS4B sequences with those from strain H77 reduced the replication efficiency of a Con-1 SGR (7). Moreover, interactions of NS4B with the RC can affect the behavior of other replicase proteins. For example, NS4B is needed for hyperphosphorylation of NS5A (35, 48) and restricts its intracellular movement (30) .
To try to gain greater insight into the functional organization of the components that constitute RCs, trans-complementation assays using defective and helper SGRs have been established (2, 64) . Such studies reveal that the only protein capable of trans-complementation is NS5A, while active replication cannot be restored for replicons harboring deleterious mutations in NS3, NS4B, and NS5B. These data led to the conclusion that functional NS5A may be able to exchange between RCs (2), whereas, by inference, such exchange would not be possible for other HCV replicase proteins. In transient-replication assays, complementation by NS5A also relied on its expression as part of a polyprotein (minimally NS3-NS5A), and production of the protein alone failed to restore replication for an inactive SGR (2) . However, in a separate study, stable expression of wt NS5A was capable of complementing a defective replicon (64) . Thus, different assay systems can give dissimilar results for complementation by NS5A.
In this study, we have created a series of mutations in the NS4B gene of HCV strain JFH1 (31) to explore the function of the protein in the HCV life cycle. We focused our attention on the C-terminal portion of NS4B, downstream from the predicted TMD regions, since it is relatively well conserved and is predicted to lie on the cytosolic side of the ER membrane (15, 42) . Our analysis examines the impact of mutations on replication efficiency and the intracellular characteristics of the mutants compared to the behavior of the wt protein. In addition, we have utilized this series of mutants to reassess transcomplementation of NS4B in replication assays. Finally, we also analyze the impact of mutations which do not affect replication on the production of infectious virus to determine whether NS4B plays a role in virus assembly and release.
MATERIALS AND METHODS
Construction of plasmids and mutations in the NS4B and NS5A genes. The construction of plasmids pLuc-JFH1 GFP and pLuc-JFH1 GND has been described previously (30) . pCMV-JFH1 Poly was created by first amplifying the NS3-NS5B coding region in pLuc-JFH1 GFP by PCR. For cloning purposes, EcoRI and KpnI sites were introduced at the 5Ј and 3Ј ends of the NS3 and NS5B genes, respectively, and the amplified product was inserted into plasmid pCMV10. Plasmid pCMV-NS5A-GFP was generated by amplification of a fragment (which incorporated XmaI sites at the 5Ј and 3Ј termini) encoding the NS5A-green fluorescent protein (GFP) fusion protein from pLuc-JFH1 GFP and insertion of the fragment into pCMV10. To create pCMV-JFH1 Poly -⌬4B, two fragments were amplified from pCMV-JFH1 Poly . Fragment 1 consisted of the sequences encoding NS3 and NS4A, with an EcoRI site introduced at the 5Ј end of NS3 and an FspI site at the 3Ј end of the NS4A coding region. Fragment 2 contained NS5A up to the AgeI site, which marks the insertion site for the GFP gene, and an FspI site was introduced at the 5Ј end of the NS5A coding region. Both fragments were ligated into a pCMV-JFH1 Poly backbone cut with EcoRI and AgeI (at the insertion site for GFP). The creation of an FspI site at the junction between the NS4A and NS5A coding regions in pCMV-JFH1 Poly -⌬4B altered the nucleotide sequence from TGCGCC to TGCGCA (coordinates 5483 to 5488 in the JFH1 genome), generating a Cys-Ala cleavage site between the two proteins. This alteration in the nucleotide sequence substitutes alanine for serine at the P1Ј position in the NS4B-NS5A cleavage site. However, alanine is present at the junction between NS4A and NS4B and, along with serine, is highly favored at the P1Ј position (33) . Mutations in NS4B were generated using the QuikChange mutagenesis kit (Stratagene) and introduced into plasmid pGEM-NS4B CT . pGEM-NS4B CT was generated by introducing a BamHI fragment (site coordinates 6007 and 6273 on the JFH1 genomic sequence), encoding the C-terminal 87 amino acids of NS4B, into the pGEM-T-Easy vector (Promega). Each mutated NS4B fragment was then reintroduced into both the pLuc-JFH1 GFP replicon and pCMV-JFH1 Poly . To introduce the NS4B mutants into the full-length JFH1 and J6-JFH1 genomes, the C-terminal region of each mutant NS4B was excised from the appropriate pLuc-JFH1 GFP SGR using BamHI and ligated into pJFH1 cut with the same enzyme. J6-JFH1 is a chimeric cDNA in which strain JFH1 sequences from core to the loop region between TMDs 1 and 2 in NS2 (amino acids 1 to 864 in the JFH1 polyprotein sequence) are replaced with those from strain HC-J6 (51, 67) . Plasmid pLuc-JFH1 S232I was generated by sitedirected mutagenesis of pLuc-JFH1 (62) using the QuikChange mutagenesis kit (Stratagene). Nucleotide sequences were determined to verify the authenticity of mutants and the orientation of insertions.
Maintenance of tissue culture cells. Huh-7 cells were propagated in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum as described previously (60) . The Huh-7-derived cell line termed 2/1 (62), which supports replication of subgenomic RNA from strain JFH1, was maintained in DMEM containing 10% fetal calf serum and 100 g/ml G418.
Antibodies. The NS5A antibody used for Western blot analysis was kindly provided by Steve Griffin and Mark Harris (44) . Mouse monoclonal antibody J2, which is specific for double-stranded RNA (dsRNA), was purchased from Scicons (Hungary). Rabbit antiserum R1063 was raised against a pool of three synthetic peptides composed of NS4B-specific sequences (NRLIAFASRGNHV, THYVPESDAAAR, and LLRRLHQWISSEC) (S. Gretton, G. Hope, and J. McLauchlan, unpublished).
Transfection of plasmid DNA. All transfections were carried out with Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Cells were seeded at approximately 8 ϫ 10 5 in 35-mm dishes and allowed to adhere before addition of transfection reagents. Cells were examined 18 to 20 h after transfection.
In vitro transcription and electroporation of RNA. Constructs containing subgenomic (JFH1) and full-length (JFH1 and J6-JFH1) sequences were linearized with XbaI and treated with mung bean nuclease as described previously (62, 65) . RNA was transcribed in vitro from linearized constructs using the T7 RiboMAX Express large-scale RNA production system (Promega) and introduced into Huh-7 cells by electroporation as described previously (45) .
Infection of cells with HCV. Huh-7 cells were electroporated with either wt or mutant JFH1 and J6-JFH1 RNAs and maintained at 37°C. Supernatant containing virus was removed from cells at 24, 48, and 72 h, and the 50% tissue culture infectious dose (TCID 50 ) was obtained in Huh-7 cells using the limiting-dilution assay (37) . Infected cells were detected using a polyclonal anti-NS5A antiserum.
Determination of luciferase activity in transient-replication assays. wt and mutant Luc-JFH1 GFP RNAs were electroporated into Huh-7 cells and seeded into 2-cm 2 wells in 24-well plates. Cell extracts were prepared at 4, 24, 48, and 72 h after electroporation. Luciferase activities were determined using the luciferase assay system (Promega) and a Biotrace M3 luminometer (Biotrace Ltd.). Data points were obtained in duplicate, and experiments were repeated at least three times; representative data are given for each experiment.
Indirect immunofluorescence. Huh-7 cells were fixed in methanol for 20 min at Ϫ20°C. After being washed with phosphate-buffered saline (PBS), cells were incubated with primary antibody (diluted in PBS) for 2 h at room temperature. Cells were washed in PBS and then incubated with secondary antibody conjugated to the appropriate fluorophore for 1 h at room temperature. After incubation with secondary antibody, cells were washed with PBS and incubated with 4Ј,6-diamidino-2-phenylindole (DAPI) at a final concentration of 1 g/ml for 2 min to stain nuclei. Following further washes with PBS, cells were rinsed with H 2 O before being mounted onto slides with Citifluor (Citifluor Ltd.). Images were captured using a Zeiss LSM510 META inverted confocal microscope and associated software. For the data on NS5A distribution shown in Fig. 2C , at least 250 randomly selected cells were scored into two categories according to the distribution of GFP fluorescence.
Fluorescence recovery after photobleaching analysis. Huh-7 cells were seeded onto 35-mm glass-bottom microwell dishes (MatTek Cultureware) and trans-fected with plasmids expressing GFP-tagged proteins. Fluorescence recovery after photobleaching (FRAP) analysis and image recording were conducted with a Zeiss LSM510 META inverted confocal microscope at 37°C in a humidified chamber with an atmosphere of 5% CO 2 . Images were recorded with a PlanApochromat ϫ63 lens (numerical aperture, 1.4). Prior to photobleaching, the cell medium was replaced with prewarmed (to 37°C) DMEM lacking phenol red and supplemented with 2% fetal calf serum. For photobleaching, selected regions of cells (38 m 2 in area) were bleached at 100% laser power (488-nm laser line) for approximately 1 s. Before and after photobleaching, images were taken at 1-s intervals using 2% laser power. The intensity of fluorescence for each cell was expressed as a percentage of the prebleach level and plotted against time. The data shown in Fig. 3 represent average values generated from 10 cells.
Preparation of cell extracts, sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and Western blot analysis. To improve detection of the HCV NS proteins, particularly in transfections with the pCMV-JFH1 Poly plasmids, cell extracts were phase separated. Briefly, a 35-mm dish of Huh-7 cells was harvested in 200 l lysis buffer (150 mM NaCl, 10 mM Tris-HCl [pH 7.2], and 2% Triton X-114). Cell extracts were then centrifuged at 8,000 ϫ g for 5 min, after which cellular debris was removed, and then 400 l separation buffer (150 mM NaCl, 10 mM Tris-HCl [pH 7.2], 6% sucrose, and 0.006% Triton X-114) was added to the extracts and mixed gently. Further centrifugation at 15,000 ϫ g for 5 min separated the extracts into two layers, with the bottom layer containing cellular membranes and any membrane-associated proteins. This membranecontaining fraction was collected, and the proteins were precipitated using 100% acetone. The precipitate was pelleted by centrifugation at 15,000 ϫ g for 5 min and subsequently prepared for sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blot analysis (60) .
RESULTS
Residues in the C terminus of NS4B are critical for HCV RNA replication. From a previous report on predicted structural elements within NS4B, a central hydrophobic segment that is believed to contain four TMDs (TMDs 1 to 4) between amino acids 75 to 191 (Fig. 1A) was the most obvious feature within the polypeptide sequence (42) . The precise junctions for the TMDs have not been determined experimentally. Upstream from the TMD region, it has been proposed that the N-terminal segment contains an amphipathic ␣-helix between amino acids 6 and 29 (17) and a fifth TMD termed TMX (42) . A variety of predictive programs for transmembrane helices did not indicate the presence of any TMD regions beyond amino acid 191 (data not shown). However, analysis of NS4B sequences from three HCV strains (H77, Con-1, and JFH1) using PSIPRED (http://bioinf.cs .ucl.ac.uk/psipred/psiform.html), which predicts secondary structures in proteins, suggested the presence of two ␣-helices between positions 201 and 213 and positions 228 and 254 (termed helix 1 and helix 2, respectively) (Fig. 1A) . Helix 1 is located within a region that is almost invariant in NS4B, whereas the amino acid sequence of helix 2 is more variable (66) . From previous analysis of NS4B mutants and their ability to support HCV RNA replication, only two mutations have been examined in the C-terminal region (W252 and N254) (Fig. 1A ) (38) ; in strain JFH1, the amino acid encoded at position 254 is threonine and not asparagine as in strain Con-1. Mutation of these amino acids either abolished (W252) or severely impaired (N254) replication (38) .
Given the low number of mutations generated in the C-terminal segment of NS4B and our prediction that two ␣-helices were located in this region, we performed alanine substitution mutagenesis to evaluate its importance in HCV RNA replication. Fifteen point mutations were introduced into the region between amino acids 192 and 261 (Fig. 1A) . These mutations were distributed randomly along the length of the C-terminal segment, incorporating changes in the highly conserved region (amino acids 192 to 227), both ␣-helices, previously mutated residues at positions 252 and 254 (38) , and a cysteine residue at position 257 that may be the site for palmitoylation of the protein (68) . Mutations were introduced into pSGR-Luc-GFP-JFH1 (hereafter referred to as Luc-JFH1 GFP ) (Fig. 1B) , an HCV SGR that expresses GFP-tagged NS5A to enable direct visualization of the protein in live cells (30) ; the mutant constructs were referred to as M1 luc , M2 luc , etc.
To determine whether these changes affected replication, mutant RNA was electroporated into Huh-7 cells and luciferase activity was measured at regular time intervals for up to 72 h (Fig. 1C) . Luciferase activity from Luc-JFH1 GFP was almost 50-fold higher at 72 h than the 4-h value, consistent with previous results (30) . Of the 15 mutants, 8 replicated to similar levels as Luc-JFH1 GFP over a 72-h period (M1 luc , M6 luc , M7 luc , M9 luc , M10 luc , M12 luc , M14 luc , and M15 luc ). Two mutants, M3 luc and M11 luc , were attenuated for replication, as luciferase activity dropped 10-and 20-fold, respectively, compared to that of Luc-JFH1 GFP in the first 24 h following introduction of subgenomic RNA into cells. Luciferase activities increased after this initial decline but remained lower than that of Luc-JFH1 GFP by 72 h. Luciferase levels for five of the mutants (M2 luc , M4 luc , M5 luc , M8 luc , and M13 luc ) declined as quickly as those seen with a GND control mutant, and these mutants therefore were judged to be unable to replicate. Four of these mutations were located in the highly conserved segment between amino acids 192 and 227 (M2, M4, M5, and M8), and only one mutation (M13) was found in the less well-conserved region beyond amino acid 227 (Fig. 1A) . Mutant M13 corresponds to a tryptophan (W252) that has been identified previously as essential for RNA replication (38) .
Residues in the C-terminal region of NS4B are important for formation of foci. To characterize further the behavior of the mutations that blocked replication, we tested whether each mutant could form MAFs, the presumed sites of viral RNA replication (25) . Mutations M2, M4, M5, M8, and M13 were introduced into the pCMV-JFH1 Poly vector, which contained the wt coding sequences for NS3-NS5B from strain JFH1 and incorporated a GFP-tagged version of NS5A ( Fig. 2A) . The resultant constructs were termed M2 poly , M4 poly , etc. Each construct was transfected into Huh-7 cells, and NS5A-GFP and NS4B were visualized (Fig. 2B) . Both NS4B and NS5A-GFP, expressed from pCMV-JFH1 Poly , were localized in discrete punctate foci (Fig. 2B, JFH1 Poly ), which were indistinguishable from MAFs visualized in cells actively replicating HCV RNA (24, 30, 59) . In contrast, NS5A-GFP expressed from pCMV-JFH1 Poly -⌬4B, which lacked the entire NS4B coding region ( Fig. 2A) , was localized almost exclusively in a pattern consistent with localization to the ER, and there was little evidence for the presence of the GFP-tagged NS5A in foci (Fig. 2B) . Indeed, this pattern of NS5A-GFP distribution was similar to that observed when it was expressed in the absence of the other NS proteins (30) . Analysis of the five NS4B mutants revealed three distinct phenotypic categories. First, M2 Poly and M5 Poly produced foci containing NS4B that were indistinguishable from those observed with wt protein, and NS5A-GFP colocalized with NS4B in these structures (Fig.  2B, ϩ) . In the second category ( (2)]. M13 Poly was the sole member of the third category (Fig. 2B, Ϫ) , in which both NS4B and NS5A-GFP were rarely detected in foci and the proteins were predominantly localized in an ER-like pattern. Since single-fluorescence images do not give an overall representation of protein localization, we selected at least 250 cells, which had been transfected with the NS4B Poly mutants and assigned the distribution of NS5A-GFP into one of two categories, predominantly foci (Fig. 2C , left image) or predominantly ER (Fig. 2C, right image) ; the localization of NS5A-GFP alone was assessed since it had a pattern of distribution identical to that of NS4B in the indirectimmunofluorescence studies. In agreement with the data in Fig. 2B , the localization of NS5A-GFP was markedly different for NS4B mutants M4, M8 (approximately equal numbers of cells with and without foci), and M13 (a low proportion of foci was detected) compared to mutants M2 and M5 (predominantly foci). To eliminate the possibility that introducing mutations into NS4B had decreased stability of the protein or affected polyprotein processing, cells expressing each mutant were examined by Western blot analysis (Fig. 2D) . NS4B was present at the correct size (approximately 27 kDa) in each extract, and none of the mutants were expressed to lower levels than wt protein. These results showed that amino acid residues N206 (M4), E226 (M8), and particularly W251 (M13) (Fig.   1A) were important for the ability of NS4B to generate foci and for incorporation of NS5A-GFP at these sites.
Mutations in the C terminus of NS4B influence the mobility and phosphorylation of NS5A. FRAP is a well-defined method for studying protein mobility (23) , and using this technique, we have demonstrated previously that NS5A-GFP is considerably more mobile in the absence of other NS proteins (30) . These data suggested that one or more of the NS proteins present in the polyprotein alter the mobility of NS5A. To determine whether NS4B was a factor in NS5A mobility, we compared the fluorescence recoveries of NS5A-GFP expressed from pCMV-JFH1 Poly and pCMV-JFH1 Poly -⌬4B. In agreement with our previous data (30), NS5A-GFP expressed alone gave a higher rate of fluorescence recovery than expression of the protein from pCMV-JFH1 Poly , in which it is expressed as part of the NS3-NS5B polyprotein, but was less mobile than DNase X, a control ER-targeting protein (Fig. 3A) . From the results obtained with pCMV-JFH1 Poly -⌬4B, fluorescence recovery for NS5A-GFP was more rapid in the absence of NS4B although not as rapid as for NS5A-GFP expressed alone (Fig. 3A) . The reduced fluorescence recovery did not result from disrupted cleavage at the NS4A/5A junction site due to the removal of NS4B, since the apparent molecular weight of NS5A-GFP expressed from pCMV-JFH1 Poly -⌬4B was identical to that from the wt construct pCMV-JFH1 Poly (Fig. 3B) . We inter- preted these results to indicate that NS4B plays a major role in lowering the mobility of NS5A-GFP, perhaps through their association, although NS3, NS4A, or NS5B also may contribute partly to reducing its mobility. Given that the difference in NS5A-GFP mobility was readily measurable in the presence and absence of NS4B, we conducted FRAP studies with the five pCMV-JFH1 Poly NS4B mutants (M2 Poly , M4 Poly , etc.) (Fig. 3C) . From this analysis, M2 Poly and M5 Poly , both of which could form MAFs, gave rates of NS5A-GFP fluorescence recovery comparable to that obtained for wt pCMV-JFH1 Poly (Fig. 3A and C) . In contrast, fluorescence recovery rates for M4 Poly and M8 Poly were higher, while NS5A-GFP expressed from M13 Poly had a mobility similar to that from pCMV-JFH1 Poly -⌬4B (Fig. 3A and C) . These patterns of fluorescence recovery correlate with the ability of each of the mutants to form foci and are consistent with the notion that the tethering of NS5A to RCs is linked to focus formation.
NS5A exists as two phosphorylated species of 56 kDa (hypophosphorylated NS5A) and 58 kDa (hyperphosphorylated NS5A), and NS4B is required for production of the hyperphosphorylated form (35, 48) . The need for NS4B to generate hyperphosphorylated NS5A was confirmed by comparing the NS5A-GFP species expressed from pCMV-JFH1 Poly and pCMV-JFH1 Poly -⌬4B (Fig. 3B) . With the wt construct, NS5A-GFP was detected as two bands, presumed to be hypo-and hyperphosphorylated species, whereas only the hypophosphorylated protein was found for pCMV-JFH1 Poly -⌬4B (Fig. 3B) . For the NS4B mutant plasmids, M2 Poly and M5 Poly produced both phosphorylated species of NS5A-GFP, whereas the abundance of hyperphosphorylated protein was reduced for M4 Poly and M8 Poly , and M13 Poly generated only the hypophosphorylated form (Fig. 3D ). Taken together with the FRAP analysis and examination of focus formation, our results establish that there is close correspondence between the effects of the various NS4B mutations on formation of foci and mobility and phosphorylation of NS5A, providing strong evidence that these processes are linked.
Nonreplicating NS4B mutants can be complemented in trans. It has been demonstrated that the function of NS5A in RNA synthesis can be complemented in trans, allowing restoration of replication for subgenomic RNA carrying defective NS5A (2, 64) . Based on analysis with a limited series of mutants, these studies also concluded that NS4B, as well as the other NS proteins important for replication, could not be transcomplemented. Since we had identified a group of five novel mutants in NS4B which abolished replication, we examined their ability to be rescued in replication assays. In vitro-transcribed subgenomic RNA for each mutant was electroporated into both Huh-7 cells and 2/1 cells, a Huh-7 cell line harboring an autonomously replicating wt JFH1 SGR, and luciferase activity was measured over 72 h (Fig. 4B) . Since the wt SGR in 2/1 cells contains the neo gene to confer antibiotic resistance (Fig. 4A) , any luciferase activity detected would result from input mutant RNA. We also included Luc-JFH1 GFP and Luc-JFH1 GND RNAs as positive and negative controls in the two cell lines. Both control RNAs gave similar patterns of luciferase activity in Huh-7 and 2/1 cells; enzyme activity from Luc-JFH1 GFP increased by 57-and 41-fold between 4 and 48 h in Huh-7 and 2/1 cells, respectively, and then either gave a further modest rise (in 2/1 cells) or a slight decrease (in Huh-7 cells) (Fig. 4B) . In contrast, luciferase values from Luc-JFH1 GND RNA steadily declined from 4 h onwards; this inability to complement a GND mutation in NS5B with a wt replicon agrees with previously published reports (2, 64) . For the NS4B mutants, there was no evidence for replication in Huh-7 cells, in agreement with the data in Fig. 1C (Fig. 4B, panel i) . In 2/1 cells, mutants M4 luc and M5 luc also failed to replicate and behaved almost identically to Luc-JFH1 GND (Fig. 4B, panel ii) . However, M2 luc and M8 luc gave increased luciferase activity between 24 and 72 h, indicating that replication was at least partially restored for these mutant SGRs. M13 luc also gave a slight rise in enzyme levels between 48 and 72 h, consistent with a low level of replication in 2/1 cells. To demonstrate that any relative rise in luciferase activity, particularly for M2 luc and M8 luc , also was reflected in increased expression of viral proteins from the mutant SGRs, 2/1 cells were examined for the presence of NS5A-GFP. The endogenous SGR in 2/1 cells produces untagged NS5A, and so detection of NS5A-GFP would indicate expression from the mutant SGRs (Fig. 4A) . For wt Luc-JFH1 GFP , cells expressing NS5A-GFP were readily detected (Fig. 4C) , reflecting the high levels of luciferase activity produced by this replicon (Fig. 4B) . As predicted from the low luciferase values, NS5A-GFP expression from Luc-JFH1 GND was not detected in 2/1 cells (Fig. 4C ). In the case of mutants M4 luc , M5 luc , and M13 luc , we also could not detect NS5A-GFP expression (Fig. 4C) . However, NS5A-GFP was found in a low number (up to 5%) of 2/1 cells electroporated with M2 luc and M8 luc RNAs (Fig. 4C) . The distribution of the GFP-tagged protein colocalized with the NS5A detected in these cells using an anti-NS5A antiserum (Fig. 4D) . From these results, we concluded that it was possible to trans-complement some mutations in NS4B that abolish replication.
Reconstitution of replication from nonreplicating NS4B and NS5A mutant SGRs. Having established that it was possible to trans-complement NS4B, we wished to extend our studies to investigate whether combining replicons with defective mutations in NS4B and NS5A could generate active RCs. From parallel studies of NS5A mutants with the JFH1 SGR, we had identified a mutation at position 232 (S232I) in the NS5A coding region that abolished replication in Huh-7 cells and behaved identically to Luc-JFH1 GND (Fig. 5) . In strain Con-1, mutation at this site (referred to as S2204) can either enhance or repress replication, depending on other mutations in the SGR (39) . Introducing this defective replicon (termed Luc-JFH1 S232I ) into 2/1 cells gave luciferase values that were only fourfold lower at 72 h than those for wt Luc-JFH1 GFP (Fig.  5B) . Thus, replication of Luc-JFH1 S232I can be restored through complementation with a wt replicon, indicating the ability to rescue deleterious mutations in NS5A, in agreement with previous reports (2, 64) .
To determine whether combining replicons with defective mutations in NS4B and NS5A could yield active RCs, Huh-7 cells were electroporated simultaneously with RNAs from each of the NS4B mutant replicons that were unable to replicate (M2 luc , M4 luc , M5 luc , M8 luc , and M13 luc ) and Neo-JFH1 S232I (Fig. 6A) . For these experiments, the luciferase gene in Luc-JFH1 S232I was replaced with the neo gene so that any detected enzyme activity was derived from the mutant NS4B SGRs. The pattern of results obtained was identical to that for complementation in the 2/1 cells (compare Fig. 4B, panel ii, and 6B) (59, 61) . As a positive control, we showed that NS5A-GFP and dsRNA were found in cells electroporated with wt Luc-JFH1 GFP RNA (Fig. 6C) . Consistent with the rapid decline in luciferase activity, neither NS5A-GFP nor dsRNA was detected in cells electroporated with a combination of either M4 luc or M5 luc RNAs and Neo-JFH1 S232I RNA (Fig. 6C) . In contrast, NS5A-GFP and dsRNA were present in a low number of cells coelectroporated with Neo-JFH1 S232I RNA and the M2 luc and M8 luc SGRs; NS5A-GFP and dsRNA also were detected occasionally with the M13 luc SGR (Fig. 6C) . In cells electroporated individually with these RNAs, there was no detection of either dsRNA or NS5A-GFP (data not shown). We also tested rescue of Luc-JFH1 S232I by the NS4B mutant SGRs in which the luciferase reporter gene had been replaced with the neo gene (M2 neo , M4 neo , etc.). In these assays, replication of Luc-JFH1 S232I could be detected with M2 neo and M8 neo and to a lesser extent with M13 neo (data not shown). Hence, we conclude that the combination of two replicons, one with a mutation in NS4B and the other with a mutation in NS5A, both of which block replication, can reconstitute active RCs. The C-terminal domain of NS4B influences production of infectious virus. Eight of the mutations in the C-terminal region of NS4B (M1, M6, M7, M9, M10, M12, M14, and M15) had no effect on RNA replication, while two mutations (M3 and M11) reduced replication in transient assays (Fig. 1A and  C) . To determine whether the C terminus of NS4B contributed to assembly and release of infectious particles, all 10 mutations were introduced into the full-length JFH1 cDNA (Fig. 7A) . RNA from these mutant constructs (termed M1 JFH1 , M3 JFH1 , etc.) was electroporated into cells, and virus release was assayed by determining TCID 50 values (Fig. 7B) . The majority of the mutants produced virus titers comparable to those for wt FIG. 7 . NS4B influences production of infectious HCV virions. (A) Schematic representation of JFH1 and J6-JFH1 constructs containing mutations at the C terminus of NS4B. For JFH1, the positions of 10 inserted mutations in NS4B are indicated by arrows. For J6-JFH1, the location of the M6 mutation in NS4B is shown. The gray region (core-NS2) indicates the coding sequences from strain HC-J6, which replaced the corresponding segment in strain JFH1. (B) Huh-7 cells were electroporated with wt and mutant (M JFH1 ) JFH1 RNAs, and medium was removed from cells at 24, 48, and 72 h after electroporation. Naïve Huh-7 cells were inoculated with medium to determine TCID 50 values at 24, 48, and 72 h. Error bars indicate standard deviations. (C) Huh-7 cells were either electroporated with JFH1 and M6 JFH1 RNAs or infected with 1 ml of medium removed at 24, 48, and 72 h after electroporation. For electroporated samples, extracts were prepared at 24, 48, and 72 h, and for infected samples, extracts were prepared at 72 h after infection. Extracts were probed with NS5A antiserum by Western blot analysis, and bands corresponding to NS5A are indicated by arrows. (D) Huh-7 cells were electroporated with J6-JFH1 and M6 J6-JFH1 RNAs, and medium was removed from cells at 24, 48 and 72 h after electroporation. Naïve Huh-7 cells were inoculated with medium to determine TCID 50 values at 24, 48, and 72 h. (E) Huh-7 cells were either electroporated with J6-JFH1 and M6 J6-JFH1 RNAs or infected with 1 ml of medium removed at 24, 48, and 72 h after electroporation. Samples were prepared and extracts were analyzed as described for panel C. JFH1, with the exception of three mutants (M3 JFH1 , M6 JFH1 , and M11 JFH1 ) (Fig. 7B) . M3 JFH1 and M11 JFH1 gave reduced amounts of virus production, which is likely to be a consequence of impaired RNA replication as deduced from luciferase assays (Fig. 1C, panels i and iii) . However, M6 JFH1 consistently produced higher viral titers than wt JFH1 at all time points, and infectious virus production increased by up to fivefold by 72 h after electroporation of RNA into cells (Fig. 7B) . Higher levels of released virus were not a consequence of greater abundance of viral proteins in M6 JFH1 RNA-electroporated cells compared to wt JFH1 based on Western blot analysis of NS5A (Fig. 7C , compare upper panels for JFH1 and M6 JFH1 ); similarly, the abundance of viral RNA as determined by quantitative reverse transcription-PCR was comparable in cells electroporated with M6 JFH1 and wt JFH1 RNAs (data not shown). However, NS5A levels were increased in M6 JFH1 -infected cells, thereby reflecting the higher titers obtained with this construct (Fig. 7C, compare lower panels) . We also compared the localization and signal intensities of core, NS5A, and dsRNA in cells electroporated with M6 JFH1 and JFH1 RNAs by indirect immunofluorescence, but no apparent differences were found (data not shown).
To determine whether this increase in virus production was specific to JFH1, the M6 mutation was introduced into J6-JFH1, a chimeric virus in which strain JFH1 sequences from core to the loop region between TMDs 1 and 2 in NS2 (amino acids 1 to 864 in the JFH1 polyprotein sequence) are replaced with those from strain HC-J6 (67) . J6-JFH1 is equivalent to a chimeric construct named Jc1, which typically gives virus titers that are about 10-fold greater than those of strain JFH1 by 72 h after RNA electroporation and characteristically releases far larger amounts of virus at 24 h than JFH1 (51) . In agreement with these reported results, we found that the relative differences in TCID 50 values between J6-JFH1 and JFH1 were 55-fold and 11-fold after 24 and 72 h, respectively (comparing TCID 50 values in Fig. 7B with those for J6-JFH1 in Fig. 7D ). Introducing the M6 mutation into J6-JFH1 (M6 J6-JFH1 ) did not enhance virus titers above those obtained for J6-JFH1 (Fig.  7D) . Indeed, the TCID 50 values obtained at 72 h were intermediate between those for J6-JFH1 and M6 JFH1 . Moreover, the high titers typically achieved by J6-JFH1 by 24 h were not attained (Fig. 7D) . The lower TCID 50 values also were reflected in reduced abundance of NS5A in M6 J6-JFH1 -compared to J6-JFH1-infected cells (Fig. 7E) . These results suggest that the M6 mutation in NS4B can enhance virus release by JFH1 but exerts a dominant effect in the context of other alterations that improve virus yields.
DISCUSSION
NS4B is a key component of the HCV replicase complex, but, apart from an ability to rearrange the ER membrane to form foci, any additional contribution of the protein to either RNA replication or other stages of the virus life cycle are not well understood. In this report, we have identified amino acids in the C-terminal region of the protein that are essential for RNA synthesis. Additional studies revealed that mutations which block RNA replication do not prevent formation of foci, indicating that NS4B provides other functions to facilitate genome synthesis. Moreover, we establish that the contribution of NS4B to the HCV life cycle includes a role in not only replication but perhaps also assembly and release of infectious virus. Finally, in contrast to previous reports (2, 64) , the function of NS4B in RNA synthesis can be complemented in trans by replicons supplying a wt version of the protein, and we show that active replication can be reconstituted from two inactive replicons. Hence, our study provides novel insight into the processes governing the formation and functions of HCV replicase complexes.
The hydrophobic character of NS4B has restricted experimental studies of its structure. Therefore, identifying structural features within the protein has relied upon predictive analysis. From previous reports, the central hydrophobic region of NS4B is arranged as four TMDs, which span the ER membrane, and the N-terminal segment contains an amphipathic ␣-helix (17, 42) . We have extended this analysis to the Cterminal domain and predicted that it contains two ␣-helical elements. The first helix (helix 1) lies within a highly conserved region at the C terminus (termed segment 1, amino acids 192 to 227), while the second helix (helix 2) is located in a more variable region (segment 2, amino acids 228 to 261) (Fig. 8A) .
Comparative studies and analysis of NS4B sequences found in HCV-infected patients (66) suggest that the N-terminal end of helix 2 may define the beginning of the variable sequence. This boundary separates the C-terminal region of NS4B into two sections of approximately equal length (36 and 34 amino acids). The mutations that we have introduced into NS4B are also evenly distributed between the two segments (M1 to M8 in segment 1 and M9 to M15 in segment 2) (Fig. 8A) . Four out of the five mutations, which block replication, are located in the more highly conserved segment. Thus, segment 1 apparently makes a greater contribution to HCV RNA replication than the more variable segment 2. The only amino acid in segment 2 identified in our study that was critical for replication was the tryptophan residue at position 252 (M13), which is invariant in all genotypes. In a previous study, mutation of this amino acid also blocked replication of a strain Con-1 SGR (38) . Hence, this residue is probably essential for genome synthesis by all strains of the virus.
Several studies have demonstrated that NS4B creates foci at the ER membrane, which are the sites of viral RNA synthesis (18, 24, 59) . Analysis of each of the mutations introduced into a polyprotein carrying sequences for NS3-NS5B demonstrated that inhibiting replication does not invariably prevent formation of foci. We consider that expressing NS4B in the context of the other NS proteins is preferable for examining the effects of mutations, since the foci formed by some mutants when expressed alone were much larger than those typically found by expression of the JFH1 polyprotein (data not shown); such large foci may represent aggregation of NS4B in the absence of the NS proteins. The mechanisms involved in rearranging ER membranes by NS4B to create foci are not known but are likely to involve multimerization of the protein combined with interactions with other viral NS components as well as possibly cellular factors. The lack of any apparent change to focus formation by introducing mutations at positions 196 (M2) and 211 (M5) (Fig. 8A) could be explained by characteristics of foci, which are altered but not resolved visually by light microscopy. Alternatively, the focus-forming capability of NS4B may not be affected by these mutations, but other roles for the VOL. 83, 2009 ROLE OF HCV NS4B IN RNA REPLICATION AND VIRUS PRODUCTION 2173 protein in the RC could be perturbed. Given the large excess of NS proteins compared to both positive-and negative-strand RNA (52), RCs may have both direct and indirect tasks in viral RNA synthesis (e.g., a structural role to create the environment for replication). Thus, replication perhaps relies on a combination of RCs with distinct properties, which are defined by the multifunctional characteristics of components such as NS4B.
We found that mutations in NS4B that perturbed formation of foci also altered the behavior of NS5A. NS5A exists as both hypo-and hyperphosphorylated forms in cells harboring the SGR (8) . The functional importance of both forms is unclear, although reducing the abundance of the hyperphosphorylated species stimulates RNA replication (3, 49) and can reduce virus assembly and release (63) . Hence, NS5A hyperphosphorylation may act as a modulatory switch between RNA synthesis and later phases of the virus life cycle. Hyperphosphorylation requires expression of NS5A from a polyprotein consisting of sequences from NS3-NS5A (35, 48) . NS4B plays a critical role in this process, presumably through influencing interactions of NS5A with the cellular phosphorylation machinery. Our studies demonstrated that the ability of NS4B to generate foci is coupled to NS5A hyperphosphorylation. Moreover, there was a correlation between inefficient focus formation as a result of mutations in NS4B and increased mobility of NS5A (summarized in Fig. 8A ). From these data, we propose that the production of foci at the ER membrane by NS4B binds NS5A more tightly to complexes formed by the NS proteins and this environment facilitates hyperphosphorylation. Tighter binding of NS5A could aid hyperphosphorylation either through increased contact of the protein with cellular kinases that are recruited to foci or through its protection from phosphatases. The nature of the interactions that bind NS5A to NS complexes within foci is not known. Previous studies have shown that there is a network of interactions between the NS proteins, including association of NS5A with NS4B (12, 21, 36, 50) . Therefore, the mutations in NS4B that alter the behavior of NS5A could result from modifications to interactions between the two proteins. Alternatively, changes to the NS4B sequence may indirectly perturb attachment of NS5A to other NS proteins. Addressing this question requires a more thorough understanding of the protein-protein contacts that occur within RCs.
In earlier studies, trans-complementation of RNA replication could be achieved only with NS5A and not with any other HCV NS protein, including NS4B (2, 64). Our analysis with NS4B mutants that block replication demonstrates that complementation of the protein is possible with mutants M2 (G196A) and M8 (E226A); partial complementation could be achieved also with mutant M13 (W252A) (Fig. 8A) . However, the efficiency of complementation was less for the NS4B mutants than for the NS5A S232I mutant. Based on the luciferase values at 72 h after electroporation (Fig. 4B, panel ii, and 5B), we estimate that the NS5A S232I mutation has a complementation efficiency of about 24%, compared to approximately 1% for NS4B mutants M2 and M8; the complementation efficiency for M13 is lower still at 0.05%. Both G196 (M2) and E226 (M8) are highly conserved amino acids that are predicted to lie within unstructured regions flanking helix 1 (Fig. 8A) . Interestingly, the other two mutations (M4 [N206A] and M5 [F211A]) in segment 1, which inhibit RNA replication and cannot be complemented, reside within helix 1. Previous studies have demonstrated a lack of NS4B complementation using replicons containing mutations at positions K135 and V186 (referred to as residues K1846 and V1897 by Appel et al. [2] ), both of which are located within the TMD region of the protein. Therefore, structurally ordered segments of NS4B may not be accessible for complementation, whereas amino acids that lie outside of such regions could be less constrained. Based on this hypothesis, it may be possible to design other mutations in unstructured areas of NS4B that can be complemented.
Our ability to create active RCs from two inactive SGRs is an important finding and offers new insight into replication of the viral genome. It has been proposed that RCs are in a "closed" conformation, with the replicase components (apart from NS5A) acting strictly in cis to synthesize viral RNA (2). The findings from our studies indicate that such stringent constraints may not arise, since NS4B and NS5A can complement replicons defective in either protein. The efficiency of complementation was far greater for NS5A than for NS4B, suggesting that their modes of complementation may differ. In the case of NS5A, it has been proposed that it is less tightly associated with membranes than NS4B, since NS5A attachment is mediated by an amphipathic ␣-helix whereas NS4B contains TMDs (2, 9, 42). Thus, NS5A would be predicted to be tethered less tightly to the replicase unit and therefore may transfer between RCs at different intracellular sites. An identical scenario may not be the case for NS4B, since its distribution is largely confined to foci whereas NS5A locates to both foci and the ER membrane. Since NS4B does not readily transfer between foci (25), it is likely that complementation occurs within individual sites of viral RNA replication. Therefore, complementation of NS4B could require incorporation of more than one RNA genome during formation of foci (Fig. 8B) . Such events may be rare and account for the lower efficiency of complementation by NS4B than by NS5A. Within any foci that incorporate both defective NS4B and NS5A SGRs, we presume that NS proteins are translated from both RNAs, creating a pool of viral components. These components could combine, either as complexes or as individual proteins, to reconstitute active RCs (Fig. 8B) . As a consequence, both defective SGRs are mutually dependent for continued replication of viral RNA. This model could have implications for maintenance of quasispecies pools in infected patients, since mixed infection of individual hepatocytes by viruses with genomes carrying mutations that are defective in replication may permit formation of sites active in viral RNA synthesis.
The availability of a system that produces infectious HCV from tissue culture cells now permits studies of the requirements for virus assembly and release. Apart from the obvious requirement of viral structural components, it has been demonstrated recently that both NS3 and NS5A contribute to the production of infectious virus (4, 43, 63) . Our results also establish a function for NS4B in modulating virus production. A single amino acid substitution (N216A [M6]) (Fig. 8A ) was sufficient to increase the titer of JFH1 virus by about fivefold. One possibility is that this substitution may improve release of RNA from replication sites for packaging into capsids, and indeed, the C-terminal region of NS4B has been implicated recently in RNA binding (16) . Alternatively, the alteration at amino acid position 216 may modulate the function of other replicase components, such as NS5A, to increase delivery of genomes to packaging sites. We also examined whether enhanced virus titers could be achieved by introducing the same alteration into J6-JFH1, a recombinant that generates much greater amounts of infectious virus than JFH1 (51) . However, the N216A mutation in NS4B lowered virus production by J6-JFH1. These data suggest that there may be a complex interplay between NS4B, either as an individual replicase component or as part of the replicase complex, with the structural proteins. Within such interactions, NS4B may act as a modulator of virus production. A role for NS4B in controlling viral RNA synthesis has been demonstrated from studies with chimeric replicons (7) , and our analysis may indicate that the protein's regulatory functions extend to later stages of the virus life cycle. A greater understanding of such potential modes of regulation is needed and could represent an attractive target for antiviral therapy.
